The voltage and frequency dependence of dielectric constant , dielectric loss , electrical modulus M , M , loss tangent tanδ and AC electrical conductivity σ AC of p-Si/ZnO/PMMA/Al, p-Si/ZnO/Al and p-Si/PMMA/Al structures have been investigated by means of experimental G-V and C-V measurements at 30 kHz, 100 kHz, 500 kHz and 1 MHz in this work. While the values of , , tanδ and σ AC decreased, the values of M and M increased for these structures when frequency was increased and those of p-Si/ZnO/Al and p-Si/PMMA/Al were comparable with those of p-Si/ZnO/PMMA/Al. The obtained results showed that the values of p-Si/ZnO/PMMA/Al structure were lower than the values of p
Introduction
Because of its large exciton binding energy (60 meV) and direct bandgap energy (3.37 eV), the applications of heterostructure based on zinc oxide attracted great interest. Many applications involve this material in the forms of thin film solar cells [1] , transparent conducting electrodes [2] , light-emitting diodes (LEDs) and ultraviolet (UV) photodetectors [3] . Different fabrication techniques are used to grow ZnO on various substrates such as reactive evaporation [4] , chemical vapor deposition (HVP-CVD) [5] , sol-gel spin coating method [6] , spray pyrolysis [7] and magnetron sputtering [8] for the heterojunction structures [9] . Heterostructures have scientific and commercial significance and they are a basic type of semiconductor, electronic and optoelectronic devices. Metal coated polymer materials used as an interfacial layer can reduce interdiffusion at metal/semiconductor (MS) interface that has a negative effect on electronic characteristics. So, organic and inorganic * E-mail: sbocak@gazi.edu.tr; semabilge72@gmail.com heterostructures became attractive to be used in semiconductor devices [10] [11] [12] [13] [14] [15] .
Imaginary and real parts of dielectric loss and loss tangent are strongly affected by metal or polymers coated on the structures [16] [17] [18] [19] . It is known that PMMA has chemical sensing capability, good insulation properties, high rigidity, transparency, dielectric constant and capability of collection of negative charges.
The interface states, ideality factor, series resistance and barrier height of p-Si/PMMA/Al, p-Si/ZnO/Al and p-Si/ZnO/PMMA/Al heterostructures were calculated from the measurements of the I-V and C-V characteristics in our previous work [19] .
It was found that the p-Si/ZnO/PMMA/Al structure shows better electronic performance than the others. PMMA heterostructure with ZnO coating has changed the electrical parameters of p-Si/PMMA/Al and p-Si/ZnO/Al structures. Although many aspects of the performance of heterostructure devices are quite well understood, there are properties which are still a subject of worldwide studies. There is a remarkable lack of knowledge, especially in terms of interfacial interactions of heterostructures. Much more studies on the quantitative characterization of effective interface interactions seem to be needed. It is essential to investigate both the dielectric properties of the heterostructures and the interactions between interfaces.
Dielectric properties of dipoles are very important for the interface. Generally, the polarizations of dipoles are classified into four groups as atomic/ionic (α a ) polarization, electron (α e ) polarization, interface (α i ) polarization and oriental/dipolar (α o ) polarization [20] [21] [22] [23] [24] [25] [26] . Material polarization is one of these polarization mechanisms with a short range motion of the charge.
While atomic polarization can be observed in the range of 10 10 < f < 10 13 Hz, electronic polarization may appear at f > 4 × 10 15 Hz. However, dipolar polarization may occur in high or intermediate frequency range of 1 kHz to 1 MHz because of the longer relaxation time and may result from the location of surface charges, impurities, orientable dipoles [24] [25] [26] . The interfacial polarization at f < 10 13 Hz is principally more sensitive [27] . In particular, when a physical barrier that inhibits charge migration impedes mobile charge carriers, the interfacial polarization occurs. Therefore, the charges are accumulated in the barriers producing localized polarization in the material [27] .
After examining the I-V and C-V properties of p-Si/PMMA/Al, p-Si/ZnO/Al and p-Si/ZnO/PMMA/Al, the voltage and frequency dependent dielectric properties of these heterostructures should be investigated. In the present work, the dielectric properties of these heterostructures are described by C-V and G-V measurements at 30 kHz, 100 kHz, 500 kHz and 1 MHz. The variations of AC electrical conductivity σ AC , imaginary and real parts of electric modulus M and M , dielectric constant , dielectric loss and loss tangent tanδ are investigated.
Experimental
The structures were fabricated on p-type Si (1 1 1) wafers having 10 ohm resistivity and 280 µm thickness. Chemical cleaning procedures described previously in detail were applied to the wafer [19, 20] . Then it was put inside a vacuum chamber to form a good ohmic contact with a thickness of 1240 Å on unpolished surface using Al (99.999 %). After that, the wafer was annealed at 500°C in vacuum for 10 minutes to dope aluminum into the back surface of it. The whole back side was coated by Al (99.999 %) to obtain a good ohmic contact and it was cut into three pieces. Two of them were coated by ZnO and one was left as non-coated. Next, ZnO was obtained by evaporation at a pressure of 2.66 × 10 −4 Pa and annealed at 405°C in atmospheric conditions for 4 minutes. PMMA layer was deposited on all the pieces by spin coating technique. The spin coating was performed at 5000 rpm for 45 seconds on polished surface of the wafer and then the wafer was heated to 180°C for 60 seconds. Finally, rectifying contacts were deposited on all three wafers by evaporation technique at 2.66 × 10 −4 Pa pressure using high purity circular Al dots having 1280 Å thickness and 1.3 mm diameter. In this way, all three structures were made nearly in the same conditions. C-V and G-V measurements were carried out at room temperature to measure the dielectric characteristics of the structures in darkness. Thicknesses of PMMA and oxide layers were evaluated by a thickness monitor and an ellipsometer as 10 nm and 20 nm, respectively.
Results and discussion
Using the values of G and C of p-Si/PMMA/Al, p-Si/ZnO/Al and p-Si/ZnO/PMMA/Al heterostructures at different frequencies (30 kHz, 100 kHz, 500 kHz and 1 MHz), applied voltage dependence of , , σ AC and tanδ of ZnO, PMMA and ZnO/PMMA interfaces have been studied. While the imaginary part of dielectric constant indicates the energy losses owing to conduction and polarization, the real part indicates the polarizability or capacitive behavior of a material. The complex permittivity formula is used to define dielectric and electric properties and it can be introduced using the following expressions:
where i is the square root of −1, C 0 is capacitance of an empty capacitor, G and C are the measured admittance and conductance values, d p is the interfacial insulator layer thickness, 0 is the permittivity of free space charge, (ω = 2πf) is the angular frequency and A is the rectifying contact area of the structure in cm 2 . The value of tanδ can be calculated as follows:
The σ AC of the dielectric material is expressed as follows [28, 29] :
Dielectric properties of materials can be expressed in various forms using different notations. Several authors have discussed the complex terms of electric modulus (M * ) and impedance (Z * ) of polymer or dielectric materials. In defining conduction mechanisms of these materials, the electric modulus and dielectric properties have been preferred by most authors. In order to describe the bulk DC conductivity of a material and to separate the bulk and the surface phenomena, analysis of * data in Z * formula is commonly preferred. * is converted to the M * formula as follows:
or
M and M are computed from and .
As may be seen in Fig. 1 , the real part of * depends on the voltage of p-Si/PMMA/Al, p-Si/ZnO/Al and p-Si/ZnO/PMMA/Al heterostructures at various frequencies. For the dielectric material, variations in with voltage for all three types of the structures display normal behavior. As electronic, dipolar and atomic contributions influence the dielectric constant at lower frequencies, only atomic polarization and dipolar contributions remain at high frequency owing to the fact that the electronic polarization reduces with increasing frequency. It is pointed out that the values of tend to be frequency independent at low voltages and decrease with increasing frequency. The decrease in with increasing frequency is connected with polarization decrease with increasing frequency, and it tends to a constant value. The dispersion in with frequency, ascribed to Maxwell-Wagner type interfacial polarization, i.e.
versus voltage of p-Si/PMMA/Al, p-Si/ZnO/Al and p-Si/ZnO/PMMA/Al at various frequencies, is seen in Fig. 2 . As shown in Fig. 2, decreases exponentially for all structures. Dissipation of p-Si/PMMA/Al is much higher than that of p-Si/ZnO/PMMA/Al and p-Si/ZnO/Al structures. This can be related to defects present in the film generating potential barrier and interfaces or grain boundaries.
depends on space charge polarization with dipolar effects at lower frequencies.
The plots of tanδ versus voltage for p-Si/PMMA/Al, p-Si/ZnO/Al and p-Si/ZnO/ PMMA/Al structures at various frequencies are shown in Fig. 3 . The values of tanδ have small peaks and they shift towards right with increasing voltages at high frequency region. This behavior of tanδ may be clarified by the equality of the hopping frequency of charge carriers and that of the external applied field. The degree of polarization and value of frequency describe the dielectric relaxation process [30, 31] . The probabilities of these space charges to accumulate and drift at the interface become very low as an electric field at high frequency is applied. Generally, the occurrence of interfacial polarization is observed at lower frequencies. Its occurrence in a system is generally related to distinct variations in the trends of tanδ and effective permittivity with respect to frequency owing to the fact that interfacial phenomena have an additional polarization mechanism besides dipolar, electronic and ionic [31] .
The σ AC -V plots were also obtained from the conductivity data and are given in Fig. 4 . As shown in Fig. 4 , the σ AC conductivity is strongly frequency dependent. The decrease in electrical conductivity causes a decrease in the eddy currents. Therefore, tanδ is decreased.
The M and M values were calculated from and . Fig. 5 and Fig. 6 show the voltage dependence of real (M ) and imaginary (M ) parts of the electric modulus for p-Si/PMMA/Al, p-Si/ZnO/Al and p-Si/ZnO/PMMA/Al structures at various frequencies. As seen in Fig. 5 and Fig. 6 , the values of M and M decrease with decreasing frequency. This behavior may be referred to the polarization increase with increasing frequency for all three structures [31] . In other words, M reaches a constant maximum value M ∞ = 1/ ∞ because of the relaxation process. Owing to the fact that electron polarization does not exist at low frequencies, the values of M approach zero. Fig. 5 indicates that M increases exponentially with increasing voltage at all frequencies. It is seen from Fig. 6 that M has a peak at all studied frequencies and the peak shifts to the lower voltages with increasing frequency. It has been reported that increasing frequency causes an increase in relaxation times and the energy of charge carrier [31] . The dispersion of relaxation times depends on the grain boundaries and various grains in all three structures [27] [28] [29] [30] [31] . The behavior of one peak in M may result from the existence of a particular density distribution profile of interface states at all three interfaces. All charges at interface states/traps can easily follow an external AC signal at low frequencies and this explains the excessive capacitance and conductance. The change in σ AC , M and M is a result of reordering and restructuring of charges at the interface under polarization and voltage or external electric field. The values of and at high frequencies are not contributed from interface states, so the capacitance is small. Therefore, these structures may be used in high frequency applications. Electrical conductivity contributes only to the dielectric loss. The increase in electrical conductivity leads to a current loss, thus tanδ increases. As of p-Si/ZnO/PMMA/Al structure is higher than those of p-Si/PMMA/Al and p-Si/ZnO/Al devices at all frequencies, , σ AC , M , tanδ and M of p-Si/ZnO/PMMA/Al structures are smaller than those of p-Si/PMMA/Al, pSi/ZnO/Al devices due to the existence of a thin organic layer and ZnO oxide.
Conclusions
We fabricated and analyzed the dielectric characteristics of p-Si/PMMA/Al, p-Si/ZnO/Al and p-Si/ZnO/PMMA/Al structures at various frequencies. It is shown that the dispersions in , , tanδ, M , M and σ AC values of the structures are dependent on the applied bias voltage in depletion region and they are remarkably high at low frequencies. Debye relaxation model for interfacial polarization together with dipole and interface states effect explain the strong decrease in and with increasing frequency. The decrease in and with increasing frequency are observed for all operating voltages. and values at high frequencies are not contributed from interface states since the capacitances of these diodes are small, therefore these structures may be used in high frequency applications. As a consequence, it has been found that the all values of p-Si/ZnO/PMMA/Al structure except are smaller than those of p-Si/PMMA/Al and p-Si/ZnO/Al devices due to the existence of organic layers and a thin ZnO oxide.
